An organic monolayer with diarylethene and viologen moieties as a photochromic and an electroactive group, respectively, was constructed on a hydrogen-terminated Si (111) surface by sequential surface reactions. Photoswitching behaviour of electron transfer from the Si electrode to viologen moiety, larger and smaller current after UV and visible irradiation, respectively, was observed. This photoswitching behaviour can be explained by change in molecular conductivity of diarylethene moiety, which separates Si surface and viologen moiety, induced by ring closing and opening UV and visible irradiation, respectively.
Introduction
Controlling optical and electrical properties has attracted much attention because of its potential applications for molecular electronic devices such as memories and switches.
One possible way to construct such devices is incorporation of molecular layers with a photochromic unit on solid surfaces.
Diarylethene is considered to be one of the most promising photochromic units because of its thermally irreversibility and extremely high fatigue durability. [1] Diarylethene has two isomers as shown in Scheme 1.
One is an open-ring isomer (1a) formed by visible -3 - irradiation and the other is a closed-ring isomer (1b) formed by UV irradiation.
Photoswitching of optical, electrical and electrochemical properties of the diarylethenes has been demonstrated in single crystalline phase, [2, 3] polymer, [4] solution [5] and molecular thin films. [6, 7] Recently, molecular conductivities of diarylethenes were measured in single molecular level using break junctions and huge difference in conductivities between the two isomers was reported. [8] [9] [10] Although surface immobilization of diarylethene moiety is essential for useful application, only few groups have reported the introduction of diarylethene derivatives into surface molecular layers via covalent bond because of difficulty in synthesis of molecule with surface attachment, linker and diarylethene moieties. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Recently, we reported a construction of mono-and multi-viologen layers on Si(111) surface, by sequential surface reactions, i.e., layer-by-layer growth, without loosing their electron mediation capability. [22, 23] at 80 °C for 20 min. After these treatments, the sample was immersed in deaerated aqueous solution of 40 % ammonium fluoride for 5 min to obtain a monohydride-terminated surface, that is, H-Si(111). [24, 25] X-ray photoelectron spectra (XP spectra) were obtained using a Rigakudenki model XPS-7000 X-ray photoelectron spectrometer with monochromic Mg-Kα radiation at 25-300 W. [26] Photoelectron were collected at 0° from the surface normal, i. e., take-off angle of 90°.
Electrochemical measurements were performed in a three electrode electrochemical cell equipped with a quartz window in front of the working electrode. [22, 23, 27] A Ag/AgCl electrode, a Pt wire, and the Si(111) substrates were used as a reference, a counter, and a working electrode, respectively. A potentiostat (Hokuto Denko, HA-501G) was used to 1-ethyl-4-methyl-benzene (EMB). We denote the monolayer terminated Si as EBC-Si, although majority of the monolayer is of EMB group. Figure 1 (a) shows XP spectrum of the EBC-Si(111)surface. In wide scan spectrum ( Fig. 1 A (a) ), peaks corresponding to Si 2p, Si 2s, C 1s, and O 1s peaks were observed around 100 eV, 150 eV, 285 eV, and 530 eV, respectively. [26] A narrow scan spectrum in the Si 2p region ( Fig. 1 B (a)) showed only a peak of Si(0) at 99.4 eV and no peak due to oxidized Si around 103 eV, [26] confirming the formation of a densely-packed mixed molecular layer of 4VBC
and 4MS on the Si(111) surface via Si-C covalent bonds without formation of silicon oxide. No peak was observed in N 1s and F 1s regions ( Fig. 1 C and D (a) ). quaternary nitrogen and fluorine species of diarylethene, respectively, [26] showing attachment of the DAE moieties. The absence of a peak due to Si(IV) around 103 eV shows that oxide formation was inhibited by the organic monolayer ( Fig. 1 B (b) ). was observed around -0.55 V. The peak potential is in good agreement with that reported previously at viologen-modified n-type Si(111) electrode. [23] A second cathodic peak corresponding to the reduction of viologen radical cation to di-radical (V
was also observed around -0.9 to -1.0 V when scan limit was extended to more negative -9 -potential. In the present experiment, however, potential scan was reversed at -0.8 V because di-radical formation may result in decomposition of the viologen moiety. [28] Background current around -0.8 V should include the second reduction wave of viologen and hydrogen evolution reaction. It is clear that the current at the cathodic peak around -0.55 V is higher after UV irradiation than after visible irradiation, suggesting the closed-ring isomer generated by UV irradiation and the open-ring isomer generated by visible irradiation acted as a mediator and a barrier for electron transfer from the Si electrode to viologen moiety. The former and latter are considered to be "on" and "off" states, respectively. This result is consistent with previous result obtained by break junction measurements using similar molecule that the open-ring isomer has higher resistance than that of the closed-ring isomer. [8, 9] Since n-Si(111), in which majority carrier is electron, is used as an electrode substrate and cathodic processes are under investigation, photo-excitation of Si substrate generating electron-hole pairs does not affect the electrochemical response. There is a possibility that cathodic current can be observed only in the closed-ring state, -10 - in which two pyridinium groups behave as one viologen moiety acting as electron acceptor, not in the open-ring state, in which two pyridinium groups are isolated. [5] If this model is valid, cathodic peak should be observed even at a viologen-free DAE-modified, i.e., H-DAE-, Si(111) electrode after UV irradiation. Figure 3 shows
CVs of the H-DAE-Si(111) electrode in a 0.1 M Na 2 SO 4 aqueous solution in relatively wide potential range at a scan rate of 50 mV s -1 after (blue) UV and (red) visible irradiation. Although background current slightly changed, no cathodic peak was observed after UV irradiation, indicating that the photoswitching of the electron transfer is not caused by change in redox property of the diarylethene molecule itself but modulation of electron transport property of diarylethene. The redox peak of the diarylethene moiety was not observed may be because the redox takes place at more negative potential than -0.8 V and the redox peak overlaps with current due to hydrogen evolution.
Most of the previous studies on photoswitching of conductance of diarylethene moiety were performed on a gold electrode and the reversibility of switching was rather low due to the quenching of the excited state of the open-ring isomer at by plasmon band of gold. [8, 9] Nuckolls and his colleagues reported that while the conductance can be photoswitched reversibly in the case of pyrrole-based diarylethene placed in a nano gap -11 - of carbon nanotubes, thiophen-based diarylethene in the same arrangement resulted in "non-reversible" switching because the use of long π-conjugating material, such as carbon nanotube, as a terminal electrode often decreases the quantum yield for opening reaction. [1, 10] Reversible photoswitching of thiophene-based diarylethene was achieved in the present system because neither quenching the open-ring isomer at excited state by plasmon band of gold nor lowering of quantum yield for opening reaction took place because Si was used as an electrode. electrode with respect to HOMO and LUMO is a predominant factor for molecular conductance [31, 32] Theoretical study for the similar molecule system showed that the closed-ring isomer has two significant transmission pathways contributed by HOMO and LUMO on both sides of Fermi level of Si electrode (Fig. 4 (a) ), while the open-ring isomer lacks any significant transmission pathway within a wide energy window (Fig. 4 (b)). [29] The higher peak current at the closed-ring isomer should be attributed to the existence of LUMO located relatively close to the Fermi level in the present system.
The open-ring isomer serves as a barrier for electron transfer reaction.
[33]
Conclusion
We have constructed an organic molecular layer with diarylethene and viologen moieties as a photochromic and an electroactive group, respectively, on a hydrogen-terminated Si(111) surface and demonstrated its reversible photoswitching function of electron transfer from the Si electrode to viologen moiety. states.
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